Doping dependent charge injection and band alignment in organic field-effect 

transistors 
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We have studied metal/organic semiconductor charge injection in poly(3-hexylthiophene) (P3HT) 
field-effect transistors with Pt and Au electrodes as a function of annealing in vacuum. At low im- 
purity dopant densities, Au/P3HT contact resistances increase and become nonohmic. In contrast, 
Pt/P3HT contacts remain ohmic even at far lower doping. Ultraviolet photoemission spectroscopy 
(UPS) reveals that metal/P3HT band alignment shifts dramatically as samples are dedoped, lead- 
ing to an increased injection barrier for holes, with a greater shift for Au/P3HT. These results 
demonstrate that doping can drastically alter band alignment and the charge injection process at 
metal/organic interfaces. 

PACS numbers: 73.30.+y, 73.61. Jc,73.61.Ph 



Charge injection from metals into disordered or- 
ganic semiconductors (OSCs) is a complicated physi- 
cal process for which no complete unified picture ex- 
ists. Charge transport in disordered OSCs is by hop- 
ping through a density of localized states that depends 
strongly on energy, so that the local chemical potential 
has profound effects on charge mobility 0, 0]. Field- 
effect transistors (FETs) may be used as tools to ex- 
amine injection, by differentiating between the con- 
tact resistance, R c , and the intrinsic channel resis- 
tance, R c h- Approaches include analyses of single de- 
vice characteristics 00, scanningpotentiometry jH0,0j 
gated four-probe measurements |g, and scaling of to- 
tal device resistance with channel length in a series 
of devices[3 El El El El 0. Models of injection 
adapted from inorganic semiconductors have had mixed 
results. For ohmic injection between Au and P3HTpd|. 
the contact resistivity is inversely proportional to the 
intrinsic channel mobility over 4 decades, over a broad 
range of temperatures and gate voltages, consistent with 
diffusion- limited iniection|l5l Il6| . However, when a sig- 
nificant barrier, A exists between the metal Fermi level 
and the OSC valence band (Cr/P3HT or Cu/P3HT), 
thermionic emission models cannot explain the field and 
temperature dependence of the inj ected current 0, Il9| . 
A more sophisticated model |l7l fpq incorporating a hop- 
ping injection into a disordered density of localized states 
with emphasis on the primary injection event [l^,l20| ex- 
plains this nonohmic charge injection data more consis- 
tently. 

Dopant density strongly influences the magnitude and 
mechanism of charge injection into OSCs. A doping- 
dependent charge injection studyl^ into P3HT using 
planar and sandwich geometries has indicated that there 
are severe contact limitations at low doping densities. 
Hosseini et. al. have also shown [2l| that contact resis- 
tance in disordered OSCs significantly decreases at high 
doping concentrations due to dopant-induced broadening 
of the Gaussian density of localized states. 



In this paper, we examine doping dependent charge 
injection in a series of bottom contact field effect tran- 
sistors using Au and Pt as the contacting electrodes and 
P3HT as the active organic polymer, and find an addi- 
tional effect of doping. From the length dependence of 
the total device resistance, R on , we extract the contact 
and channel resistances as a function of the gate voltage, 
Vg, and doping. Exposure to air and humidity is known 
to enhance hole doping in P3HT 23J. As we reduce the 
concentration of such dopants (related to the bulk P3HT 
conductivity) by annealing devices in vacuum at elevated 
temperatures, R c and the ratio R c /R c h increases dra- 
matically for Au/P3HT devices, with injection becoming 
nonohmic. For Pt/P3HT devices, R c remains relatively 
low compared to R c h, and injection remains ohmic even 
when bulk conductivity is reduced below measurable lim- 
its. Ultraviolet photoemission spectroscopy (UPS) re- 
veals that changing dopant concentration strongly alters 
the band alignment between the metal Fermi level and 
the OSC valence band. As dopants are removed, the en- 
ergetic difference between the Au Fermi level and the 
P3HT valence band increases by about 0.5 eV, while 
this effect is much less severe in Pt/P3HT. These results 
demonstrate that doping effects on surface dipole forma- 
tion, charge transfer at the metal/organic interface, and 
band bending must be considered in any full treatment 
of metal/OSC charge injection. 

Devices are made in a bottom-contact 
configuration E3 on a degenerately doped p+ sili- 
con wafer used as a gate. The gate dielectric is 200 
nm of thermal Si02- Source and drain electrodes are 
patterned using electron beam lithography in the form 
of an interdigitated set of electrodes with systematic 
increase in the distance between each pair. The channel 
width, W, is kept fixed for all devices at 200 fim. The 
electrodes are deposited by electron beam evaporation of 
2.5 nm of Ti and 25 nm of Au or Pt followed by liftoff. 
This thickness of metal is sufficient to guarantee film 
continuity and good metallic conduction while attempt- 
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ing to minimize disruptions of the surface topography 
that could adversely affect polymer morphology. 

Prior to OSC deposition, the substrates were cleaned 
for about 2 minutes in an oxygen plasma. The organic 
semiconductor, 98% regio-regular P3HT 0, is dissolved 
in chloroform at a 0.06% weight concentration, passed 
through polytetrafluoroethylene (PTFE) 0.2 /im filters 
and solution cast onto the clean substrate, with the sol- 
vent allowed to evaporate in ambient conditions. The 
resulting films are tens of nm thick as determined by 
atomic force microscopy. The measurements are per- 
formed in vacuum ( 10 -6 Torr) in a variable temperature 
range probe station using a semiconductor parameter an- 
alyzer. To produce a certain doping level, the sample is 
annealed at elevated temperatures (~350-380 K) in vac- 
uum for several hours and then cooled down to room tem- 
perature for measurement. We characterize the doping 
by the effective conductivity, calculated from the low Vd 
source-drain conductance and the estimated P3HT layer 
thickness at zero gate voltage. In the absence of band 
bending at the P3HT/SiC>2 interface, there should be 
no "channel" at the interface, and the measured source- 
drain conductance should be a bulk effect. We note that 
similar conductances are found in two-terminal planar 
devices fabricated on glass substrates. The conductivity 
after an annealing step remains stable in vacuum at room 
temperature and below on the timescale of the measure- 
ments, indicating no further change in doping. 

The devices operate as standard p-type FETs in ac- 
cumulation mode^J. With source electrode grounded, 
the devices are measured in the shallow channel regime 
(Vd < Vg). Figure shows the transport charac- 
teristics of a Au/P3HT device with L = 10 at 
T = 300 K and at a fixed V G = -60 V for different 
doping levels. Table [I] shows the annealing schedule for 
the Au/P3HT and Pt/P3HT devices. After the fourth 
annealing step source-drain transport in the Au/P3HT 
devices was highly nonlinear. In contrast, Fig.^ 3 shows 
a similar plot for a Pt/P3HT device with identical pa- 
rameters as Au above. After a more extensive annealing 
process such that bulk P3HT conductivity was reduced 
below measurable limits, the Id — Vd data remain nearly 
linear. To ascertain whether the annealing process irre- 
versibly alters the polymer or the interface, Au/P3HT 
samples exposed to ambient air were re-examined after 
several days, and the conductivity had returned to its 
initial pre-annealing levels. We carried out an additional 
annealing stage at this point (A. 5*), which reproduced 
the nonlinearity trend observed earlier. 

From the data in Fig. ^ we extracted R c h and R c 
from the L dependence of the total device resistance, 
R on = 8Vd I 9Id as described in Ref 0] . Figure 
shows the Vg dependence of R c for different annealing 
steps for the Au device at room temperature. Here we 
obtain R c in the limit \Vd\ < 1 V, where transport is 
still reasonably linear even at higher dedopings. We note 
that we have developed a procedure for extracting con- 
tact current-voltage characteristics even in the limit of 



1(T 



10" 7 



10' 



10- 



10" 1 
10" 



1(T 



10" 7 



10' 



(a) 



Au 




.<> □ Anneal 1 



A Anneal 3 
V Anneal 4 
O Anneal 5 



(b) p t 




□ Anneal 1 

o Anneal 2 

A Anneal 3 

V Anneal 4 



0.1 



1 

V D [V] 



10 



FIG. 1: (a) Log- Log plot of the transport characteristics of 
a Au/P3HT device with L = 10 fim at T = 300 K and at a 
fixed Vg ~ —60 V for different annealing as described in the 
text, (b) Similar plot for a Pt/P3HT device with identical 
geometry as (a). 



strong injection nonlinearities [l9| . but it is difficult to 
quantify such injection by a single number such as R c . 
After each anneal, the contact resistance increases sig- 
nificantly. To test for contact-limited transport, we plot 
the ratio R c /R c h as a function of Vg for a Au device 
with L = 10 /im in Fig. ^jp. At higher dedopings and 
higher gate voltages, the devices are clearly contact lim- 
ited. Thus the nonlinear transport seen in this regime at 
higher biases indicates the possible formation of a charge 
injection barrier for holes. Analogous data for Pt de- 
vices (not shown) reveals that the contact resistance is 
lower than that that observed for Au, and that R c /R c h 
remains below 1, only reaching approximately 1 at the 
most severely dedoped levels. 

To further confirm that charge injection from Au elec- 
trodes becomes more difficult at lower doping levels than 
injection from Pt, we fabricated a series of devices (in 
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TABLE I: Annealing times and temperatures and result- 
ing bulk P3HT conductivities (for average film thickness of 
25 nm). For Pt devices bulk conduction following the third 
and fourth anneals was below detectable limits. A. 5* was 
performed after a few days of air exposure. 



Anneal 1 
Anneal 2 
Anneal 3 
Anneal 4 





stage 


time (hrs) 


T (K) 


a (S/m) 


Au 


anneal (A).l 


17 


350 


0.032 




A.2 


+7 


350 


0.022 




A.3 


+12 


350 


0.0077 




A.4 


+22 


350 


8.9 x 10" 4 




A.5* 


16 


370 




Pt 


A.l 


24 


350 


0.064 




A.2 


+17 


360 


0.0036 




A.3 


+22 


370 






A.4 


+22 


380 





a two-step lithography process) with alternating Au and 
Pt electrodes. The data are taken twice for each device, 
once with the source electrode on Au with the drain on 
Pt and the second time vice versa. At higher doping lev- 
els, the transport data are similar for injection from Au 
and Pt, but as the sample is annealed, injection from Au 
becomes more nonlinear and allows for less current at 
low drain biases. Figure 01 shows a linear plot of Id — Ud 
for injection from Au and Pt for a certain dedoped level 
at T = 300K and V G = -80V with L = 7 [im and 
W = 200 (im. Previous scanning potentiometry exper- 
iments 0, 0, reveal that in systems with significant 
A most of the potential drop due to contacts occurs at 
the source. Fig. [3] is consistent with the the formation 
of a larger injection barrier between Au and P3HT than 
Pt under identical annealing conditions. Note that the 
lack of nonlinearity in Pt/P3HT/Pt (hole injection from 
Pt, hole collection by Pt) devices (see Fig.^Jj) compared 
with the nonlinear data of Fig. in the Au/P3HT/Pt 
(hole injection from Au, hole collection by Pt) configu- 
ration further supports the conclusion that the injecting 
contact is the source of the nonlinearities. 

Dopant concentration clearly affects charge transport 
across the interface between the OSC and injecting elec- 
trodes. Therefore examining the band alignment and 
interfacial dipole is imperative. Ultraviolet photoelec- 
tron spectroscopy (UPS) is a useful tool to monitor 
changes in valance electronic structure and workfunc- 
tion of the interface. Previous studies of pentacene-based 
devices 25j have shown interface dipole formation at the 
metal/organic interface which varies linearly with the 
measured metal workfunction. Here, we show the results 
of our UPS study for Au/P3HT and Pt/P3HT interfaces. 
Details of the UPS setup can be found in Ref. [25J- Sam- 
ples were prepared by solution casting of P3HT on thin 
films (25 nm) of Au or Pt using the same procedures as 
in the FET devices. 

The inset in Figure 0Jl shows the UPS cutoff of a 
P3HT/Au sample for different annealing times at 350 K. 




FIG. 2: (a) Gate voltage dependence of R c for different an- 
neals for the Au device at room temperature, (b) R c /R c k as 
a function of Vg for a Au device with L = 10 /im. 



After 6 hours of annealing, the total change in the vac- 
uum level, which appears as a series of shifts in the cut- 
off data, is about 0.5 eV. The main part of Fig. plots 
the energy shift as a function of annealing time for both 
Au/P3HT and Pt/P3HT. The cutoff shift for Pt/P3HT 
after 5 hours is 0.2 eV. These shifts correspond to an 
increase in the Au/P3HT bulk valence level by these 
amounts. Fig. 0t shows the band alignment inferred 
from UPS for Au/P3HT before and after the annealing 
process. The appearance of 0.5 eV of additional hole 
injection barrier is consistent with increased contact re- 
sistance and nonlinear charge injection data shown in 
Fig. Since the energy shift for Pt/P3HT samples 
is smaller, less contact limitations are expected and ob- 
served for these devices. The difference between Au and 
Pt is likely related to their differing work functions and 
surface chemistries. 

The UPS measurements and energy level diagrams 
of Fig. 01 do not directly probe the band alignment at 
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FIG. 3: Linear plot of Id — Vd f° r injection from Au and Pt 
for a sample at 300 K and Vg = —80 V. This sample was 
dedoped such that bulk conductivity at 300 K was below our 
measurement threshold. 



the metal/organic interface, as the solution-cast P3HT 
layer is too thick to permit direct assessment of the 
metal/P3HT interface. Two effects difficult to discrimi- 
nate in these samples may contribute to the changes in 
level alignment and injection mechanism with doping: 
band bending in the bulk, and surface dipole modifica- 
tion directly at the interface. 

Band bending effects have been seen in an 
experiment |26j| involving p-doping of zinc phthalocya- 
nine, where Gao and Kahn have shown that in addi- 
tion to the reduction of the interface dipole upon doping, 
the valence (highest occupied molecular orbital, HOMO) 
level shifts towards Ep within a layer thickness of a few 
nanometers. This shift indicates the formation of a space 
charge region and band bending near the interface. The 
improved transport at high doping levels in that experi- 
ment is associated with an increase in film conductivity 
and tunnelling of carriers through the now-thin interface 
barrier. 

The other possible contribution to the observed change 
in the injection barrier by annealing is the removal of the 
interface impurities, most likely H2O. Heating inside vac- 
uum can remove H2O from the metal electrode surface, 
resulting in more direct contact of the organic with the 
electrode. The interface barrier in this case will be de- 
termined by the metal/organic interface dipole, and it 
will be smaller for Pt than for Au because of the higher 
workfunction of Pt[25(. The smaller barrier for Pt is also 
supported by the less change of the cutoff upon anneal- 
ing as observed with UPS. Although the formation of 
a direct contact to metal will increase the barrier for 
both Pt and Au, the smaller value of the increase still 
allows Pt contact to be ohmic. Once re-exposed to the 
ambient, impurities may diffuse back into the interface, 
resulting in a recovery of the injection properties of the 
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FIG. 4: (a) UPS cutoff energy shift as a function of annealing 
time for both P3HT/Au and P3HT/Pt. Inset: UPS cutoff 
of P3HT/Au sample for different annealing times at 350K 
(b) Energy level diagram of band alignment, based on the 
results of the UPS data for Au/P3HT before and after the 
annealing process, showing the large change in the barrier for 
hole injection. 



un-annealed devices. The reduction of the hole injection 
barrier by ambient ex pos ure of the metal electrode has 
recently been observed[27| in another OSC on Au by Wan 
et al. 

We note, however, that the annealing processes used 
in this work are very mild compared to those typically 
used to remove physisorbed interfacial impurities such as 
water. Typical UHV baking procedures for desorption 
require temperatures in excess of 370 K, while we ob- 
serve significant effects even at 320 K. This suggests that 
desorption of interfacial impurities is unlikely to be the 
dominant source of the observed effects. 

To examine the physics of charge injection from met- 
als into disordered organic semiconductors, we examined 
transport properties of a series of organic FETs with 
P3HT as the active polymer layer and Pt and Au as the 
source/drain electrodes as a function of annealing and 
resulting dopant concentration. We extract the contact 
and channel resistances from the length dependence of 
the resistance, and observed that the contact resistance is 
dominant and strongly nonlinear at lower dopant concen- 
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trations and higher gate voltages for Au/P3HT samples. 
These effects are much less severe in Pt/P3HT samples. 
UPS data reveal that upon dedoping, the energy lev- 
els shift at the interface, leading to an increased barrier 
for hole injection. This shift is stronger for Au samples 
than Pt, consistent with strong nonlinear charge injection 
observed for Au samples at high dedopings. These re- 
sults demonstrate that doping can profoundly affect the 
physics of charge injection in such systems by strongly 
altering the band alignment between the metal and the 



organic. The scale of the interface dipole shifts can sig- 
nificantly exceed the dopant-induced broadening of the 
density of states. Understanding such interfacial charge 
transfer and band alignment is essential to a complete 
description of mctal/OSC interfaces. 
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